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ABSTRACT
We describe the techriques used iu calibrating a monochromator/spectrometer
system for gas-phase photoalectron angular distribution and branching ratio
measurements., We report a self-consistent set of values for the Ne 2p, Ar 3p,
44 4p3/2 and 4p1/2, and Xa 5p3/2 and 5p1/2 photoelectron asymmatry parameters
and for the Kr 4p3/2:4p1/2 and Xe Sp:VZ:Sp]_/2 branching ratios for the energy

rejions from threshold to approximately 15 eV.



l. Introduction

The measurement of wavelength dependent photoelectron
angular distrivutions, branching ratios, and partial cross
sections 1is one of the important applications of synchrotron
radiation in atomic and molecular physics. In coambination with
theoretical studies, photoelectron measurewents reveal the
atructural and dynamical factors which underlie photoionization
processes. For example, the tunable corntinuum property of
synchrotron radiation has allowed the study of resonant processes
such as those due to shape resonances and autoicnization (1].

Quantitative photoelectron msasnrements wusing synchrotron
radiazion require knowledge of the wavelength dependent intensity
and polarization of the light beam and of the transmission of the
elactron analyzer(s) as a function of photoelectron kinetic
enezgy and ejection angle. Here we describe the techniques used
in calibrating a  monochromator/spectrometar system for
measurements of photoelactron angular distributions and branching
ratlos. The epectrometer (2] was a second-generation instrument
designed for high resolution molecular studies. The
monochromator [3] was the high throughput, 2 m, normal incidence
instrument locatead at the Svachrotron Ultraviolet Radiation
Facility.

Ne, Ar, Kr, and Xe wvere used for calibration studies,
because their angular asymmetry parametars, g's [4~10], and total
cross sections [6,7,11] are known fairly well. As discussed
fully below, soms discrepancies occurred at certain energles in
the calibration resulte bssed on the different cara gas

staudards. Our approach was to derive spectrometer calibration
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functions which were most consisctent among all cf the rare gas
data. We present here the resulting self-conalstent set of g8's
for the Ne 2p, Ar 3Jp, ¥Xr 4p3/; and 4p)/2, and Xe 5p3/2 and
5py/2 B8ubshells and of the branching ratios Kr 4p3/2:4p)/2
and Xe 5p3/2:5p}/2-

2. Ligbt beam calibraticn

The monochromator (3] was used with an osmium coated folding
mirror and a 2400 1l/mm osmium coated grating blazed for 500 A in
firac order. Tungsten photodiodes were used to monitor the
intensicy of the light beanm. With the present grating, the
maximum 1) ght intensity occurred near 20 eV, and the intensity
fell to below 10% of maximum for hy > 30 eV. However, it was
possible to record photoelectron dat. above 30 &V with Ligh beam
cnrrents and long collection times. The electron gpectrometer
was used to observe photoelectrons produced bty second-order light
snd to tuereby determine thac the second -order light intensity
was negligibla for thie grating. Hcwever there appearad to be a
scattnrad light cowponent which causad difficulty ir determiniany
the .ransmission functions of tha elect:on analyzcrs. This point
is discussed further below.

Although synchrotron radiastion is el lptically polarized, it
has baen shown [12] that tha form of the photoelactron anguler
dietribution ir the sawe ao rhat for partially linea.ly polariced
light. Therefore it has become common to describe the photon
beam as having a degree of polarization
p=(Ix = Iy)/ (L + L),
vhere I, and Iy are the ({intensities, raespectively, of the

major and wminor components of linear polarization. The
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polarization p was measured using triple-reflection analyzers and
found to be typically 70 - 75 Z over the energy range hv = 12 -
33 eV. The measured values of p arc close to those calculated
for the inherent polarization of the synchrotron light in this
energy range, confirming that the normal incidence feflections
from the beam line optics did not greatly modify p.

It is worth noting that Schmidt and coworkers [5,13] have
retained the point of view of an elliptically polarized light
beam and have measured for their beam line a tilt of the
polarization ellip~: with respect to the synchrotron orbit. In
the prezent work we have assumed that the polarization ellipse
remains parallel to the synchrotron orbit, which seems reasounable
congidering the simple geometry of our beam line optics.

3. Electron spectrometer calibraction

The spectrometer [2] contains two 10.2 cm mean-radius
hemispherical electron analyzers which sre positioned to detact
photoelectrons ejerted in a plare which is perpendicular to the
propagation direction of the light beam. With this geometry the
differantial crose section appropriate for electric dipole
photoionization of vandomly oriented (typical gas phase) targats
can be expressed au
do/da = (o/4m)P[1 + (8/4)(1 + 3p cos 20)]
where,

g = total (angle-integratud) cross section,

8 = photoslactron asymmaCry parametar,

p = deagree of polerizatiown of light beam, «nd

8 = photoelectrou ejaction angle with raspect to the major

polarization axis of the light beam.



-5~

One of the analyzers 1is fixed to detect photoelactrons
ejected at § = 0° while the other analyzer is rotatable over the
range § = 0° - 90°. However in the present set of measurcments
the rotatable analyzer was also held at a fixed angle of o =
90°. Apertures of 1.5 mm d'iameter were used on the entrance and
exit lenses, yialding an angular resolution of 4°. For the rare
gas measurements reported here the electron analyzers were
operated at 10 eV pass energy for which the intrinsic resolution
of the electron analyzers was measured to be 90 - 100 maV. The
overall energy rtesolution was given by the spectrozeter
resolution convolutad with the photon bandwidth, which was 2.2 A
FWHM (Full Width at Half Maximum) for the present data.

Studies were made to check for pressure dependeat effacts
which can arise due to photoelectron scattering from the sample
gases, We observed, Zor example, pressure—depeadent angular
distributions in Kr and Xe at kinetic eﬁergies where those gases
have strouag maxima in their aelectron 1icattering cross sections
[14]. To svoid these effects, the photoelactron {iantensity in
aach analyzer wvas measured as a function of pressure for each
sanple gas et or ncar the muximum of the scattaring cross section
[14]. From such measuraments s prassure range was determined
over which the angular distribution results are free of
significant ocattering effects. 8 and branching ratlo
messurements were typlcally obtained with a background pressura
of 1 x 1077 torr in the spectrometer chamber.

The Ar 3p subshell was used for the primary calibration
standerd. A typical calibration data set consisted of tha 0° and

90° photoelactron spectra of Ar Jp recorded over a range of
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kinetic energies. Using literature values for the Ar 3p g's
[7-9] and cross section [l1] along with the wmeasured relative
intensity and polarization of the light beam, the data were
reduced to obtain the relative transmissions of the 0° and 90°
analyzers as a function of kinetic energy. A set of computer
programs was developed to automate the data reduction procedure
8o that the stability of the system could be checked quickly and
frequently. Based on regular calibration runs with Ar 3p, the
relative transmissions of the aanalyzers were found to be stable
over a period of several monthg. DPMuring this time, measurements
were made on the other rare gases and on molecular sauples. The
transmission functions of the electron analyzers vere
incorporated in the fitting procedure for new dats which corrects
the raw spectra and derives asymmetry paramecters and branching
ratios.

4. Rasults for the rare gases

Note that to determine 8's with the present technique we
need to know only tha ratio of t's transmissions (the "angulur
ratio”) of the 0° and 90° analyzers as a function of kinetic
energy, 1in addition to the polarizacion p. In turn, the
calibratad anguiar ratic Jopends only on the values of 8 assumed
to be correct for the calibration gas, along with p. However,
the branching ratio results depend on the tiation of
the analyzer transmissious with kinetic enargy. Calibration for
“he branching ratio rasults tharefore requiras knowledge of the
ralacive intensity of the first-order coampounen: of the light beam
and of tha total cross sectioa for the calibration gas. First we

discuss rasults for the rave gas g8's and then discuss tha



branching ratios.

Based on the Ar Jp calidration, we obtained good agreement
with previous measurewents and theory for the 8's of the other
rare gases for kinetic energies in the range 0 - 10 eV. However,
discrepancies occurred for energles above 10 eV, 'This was
attributed to two factors: (1) unresolved autoionization
structure in Ar, Kr, and Xe, and (2) the rare gas B's are less
wall known for energies above 10 eV. The photoabsorption spectra
of the rare gases all display prominent Rydberg series assoclated
with the thresholds fo: ilonization of the valence s-orbitals as
well as duubly—excited r=sonant states [15-17]. It is kmown that
these states autolonize, resulting in strong, resonant variation
of the 8's and branching ratios for the valence p-orbitals [18].
Thus, we cruld infer that, for example, in the kinetic energy
region just above 10 eV, our original angular ratio calibration
was in error due to autoionization effacts on the Ar 3p 8's.
Keeping 1in mind which energy regions for each rare gas were
susceptible to autolonization effects, we then determined a
modified angnlar ratio calibration based on an optimum tit to all
of the rare gas g's. The optimized rcalibration ratio was then
applied to all of the raw data to generate a salf-consistent set
of f's for the rure gas standards.

The raesulting g's are plotted in Figs. | - 4. We obtain
very good agreement with earlier measurements. The hatched areas
in F.gse. 2 -~ 4 denote the aenergy regions of the prominent s + p
autoionizing resonances Iin Ar, Kr, and Xe. In thosa energy
regions the measurad g's show deviations fream the theoretical

results for whirch autoicnization efiects ware not explicitly
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included. A new result of our data is that for Ne 2p we observe
a minimum in B near threshold as had been predicted theoretically
by Kennedy and Manson {6].

The Kr  4p3y/p:4p)/2 and Xe  S5py/:5pj/2 branching

ratios also originally dispiayed deviations at higher kinetic

I addition

energies from previous measurements aund theory./\The apparent
transmissions of the electron analyzers feall off with increasing
energy more rapidly than expected, based on theoretical
considerations and previous experience with analyzers of this
type. These discrepanciles were attributed to lack of knowledge
of the relative 1intensity of the first-order 1light beanm,
resulting from a scattered light component and use of a tungsten
wire mesh photodiode which had not been directly calibrated.
Consequently, we modified the energy variation of the analyzer
transmissions to best fit previously measured and calculateJ
branching ratios for Kr and Xe. The results are plotted in Fig.
5. We obtaln good agreement with earlier measurements and
theory. Note that we observe some sharp variation of the Xe
branching ratio in the energy region of the 3 + p autoionizing
resonances (17,18].

In summary, we have described our techniques in perforuming
quantitative photoaelectron measurements using synchrotron
radiation. We have based the calibration of our apparatus on g8's
and branching ratios for the rara gases and have presented a
self—-congistent set of values for those gstandards. We believe
these results give a measure of confidence 1ir our results for

molecular gases raeported elsawhere.
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Figure captions

Fig. 1. Photoelectron asyumetry parameter for the Ne 2p subshell,

Fig. 2.

Fig.

Fig.,

Fig.

3.

4.

5

Filled circles: present measurements; open circles:
measurementd from Ref. [5]; X's: measurements from Ref.
[4); dashed line: HF (dipole-lengtﬁ form) calculation
from Ref. [6]; solid line: RRPA calculation from Ref.
(71,
Photoelectron asymmetry parameter for the Ar 3p subshell.
Filled circles: present measurements; open circles:
measurements from Ref. [8] (2:! weighted average of Ar
3p3/p and Jpjsz results);X's: measurements from
Ref. [9]);solid 1line: RRPA calculation from Ref. [7].
The hatched area denotes the energy region of Ar 3s + np
autoicnizing resonances (see Ref., [16]).

Phot.oelectron asymmetry pacvameters for the Kr &p3/2 and
4p;/2 subshells. Filled circles: present
measuremente; open circles: measurements from Ref. [8];
dolid lines: RRPA calculations from Ref. [7]. The
hatched area denotes the energy reglon of Kr 48 + np
autoionizing resonances (see Raf. [17]).

Photoelectron asymmetry parameters for the Xe 35p3/2 and
Spy/2 subshells. Filled clrcles: present
measurements; open circles: measurements from Ref [8];
solid lines: RRPA calculations from Ref. [7]. The
hatched area denotes the energy region of Xe 58 » nup
autolonizing rasonances (see Ref. [17]).

The photolonfzation branching ratilos Kr 4p3/2:/ny .

and Xe 5p3/2:5p1/2. Fillad circles: present
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measurements; open circles: measurements from Ref. [19];
X's: measurements from Ref. [10]; triangles:
measurements from Ref. [20]; dotted lines: measurements
from Ref. [2]1]; solid lines: RRPA calculations from Ref.
{7]); dashed iine: DF calculation from Raf. |22]. The
hatched areas denote the energy regions of the Kr 4s + np

and the Xe 58 + np autoionizing resonances (see Ref.

[7h.
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